Objectives: To provide a perspective on the current practice of randomized clinical trials (RCTs) of diagnostic strategies focusing on patient-important outcomes.
Introduction
Laboratory tests and medical imaging [1, 2] are necessary for accurate diagnosis and constitute an essential component of patient management [3e5] . Clinicians often adopt tests for routine clinical use on the basis of diagnostic accuracy alone, implicitly assuming that use of accurate tests will improve outcomes: patients will live longer or live better. Even when tests are accurate, however, this may not be the case. A test may not provide incremental diagnostic information over and above inferences based on prior available information; even if a test provides incremental information, results may not change patient management or management may change, but the change may not improve outcome.
Thus, one can conceptualize a hierarchy of diagnostic evidence from that which addresses the capability to capture an image or quantify a laboratory finding; addresses diagnostic accuracy; evaluates test impact on patient management; and informs effects on patient-important outcomes [6e8] . This hierarchy implies that smaller subsets of patients will benefit from a test as researchers advance from simply measuring diagnostic accuracy to evaluating improvements in outcomes (Appendix Fig. 1 on the journal's Web site at www.elsevier.com) [9] .
When, despite demonstration of test accuracy, patient benefit remains in doubt, randomized clinical trials (RCTs) that address the impact of alternative diagnostic strategies on patient-important outcomes are required [6e8,10e12] . This principle is well established for screening tests, and investigators have conducted many trials of screening tests. RCTs of test-and-treatment strategies are not, however, routinely performed, recognition of the importance of RCTs of diagnostic tests remains limited [10] , and the RCTs thus far conducted remain poorly characterized.
We therefore conducted a systematic survey of diagnostic strategy RCTs to characterize their topic areas, population, setting, intervention and control groups, patientimportant outcomes, risk of bias, and results.
Methods

Eligibility criteria
We included studies that met the following criteria: i) Randomized control trial. ii) Published in full-text report with no language restrictions. iii) Assessed alternative diagnostic tests or strategies (for instance, test A vs. test B or test A vs. no test). We defined ''diagnostic studies'' as those that evaluate tests used for diagnosis in patients presenting to any medical setting with symptoms or problems suggesting they may have a target condition. Test results in such situations either aim to decrease or increase the probability the target condition exists. iv) Examined the impact of the diagnostic strategies being evaluated on at least one patient-important outcome.
We excluded studies meeting the following criteria:
v) Crossover studies. vi) Studies in which the only patient-important outcome measured was cost. vii) Studies in which the only patient-important outcomes measured were adverse effects of the testing procedure. viii) Screening studies (i.e., evaluating tests undertaken when patients have no symptoms or problems suggesting they may have a target condition). ix) Monitoring studies (patients already have the diagnosis of the condition of interest, and tests are being used to assess degree of improvement or deterioration). x) Studies focused exclusively on diagnostic test accuracy that did not report impact on patient-important outcomes.
Search strategy
An experienced research librarian searched in MED-LINE via OVID (1946 to December 1, 2013) using a comprehensive search strategy including both subject What is new?
Key findings
Diagnostic tests are crucial for optimal patient management.
Diagnostic laboratory or imaging strategies, sometimes invasive and often expensive, are often adopted based only on their diagnostic accuracy.
Although accuracy alone can sometimes allow inferences regarding patient benefit, even accurate tests may not improve patient-important outcomes and therefore require randomized clinical trials (RCTs) of alternative diagnostic strategies to establish benefit.
What this adds to what was known?
We provided a perspective on the current practice of RCTs of diagnostic strategies focusing on patient-important outcomes.
What is the implication and what should change now?
Our results demonstrate the feasibility of RCTs of diagnostic tests, and their potential, when adequately powered and rigorously planned and carried out, of demonstrating benefit of one strategy over another on patient-important outcomes.
There is a need for better reporting of diagnostic RCTs.
headings and free text words and an exhaustive list of synonyms for clinical trials and diagnosis. Known potentially eligible studies previously identified served as a guide to our search [13e17]. Appendix Table 1 on the journal's Web site at www.elsevier.com presents the detailed search strategy. The search yielded 56,912 unique potentially eligible citations that we randomly sampled in batches of 2,500 by a computer-generated random number table. We obtained and evaluated full text of citations that appeared they might meet eligibility criteria. We sampled repeatedly until we achieved our target sample size of 100; three such samples were required.
Selection process and data extraction
We developed standardized, pilot-tested forms together with detailed instructions for screening of abstracts and full text, risk of bias assessments, and data collection. Reviewers conducted pilot screening and data extraction exercises. Pairs of reviewers, independently and in duplicate, screened study reports for eligibility, assessed risk of bias, and abstracted data. Reviewers resolved disagreements through discussion and resolved remaining disagreements through consultation with one of four adjudicators (R.E.D., K.A.O.T., E.A.A., and G.H.G.). We abstracted the following characteristics of the eligible RCTs: i) Journal name; medical content area, single or multicentre, and country. ii) Characteristics of the population including the condition/ disease under study and number of patients per arm. iii) Characteristics of the interventions and control groups and duration of follow-up. We classified tests into the following major categories:
1) Diagnostic imaging (e.g., conventional x-ray, computed tomography, magnetic resonance imaging, ultrasound, and echocardiography). 2) Laboratory tests (e.g., blood, urine, or body tissues including biopsy). 3) Genetic tests (e.g., prenatal testing and DNA testing). 4) Molecular tests (e.g., nucleic acid amplification techniques). 5) Measurements of function or performance such as physical examination (e.g., blood pressure) and treadmill test. 6) Symptoms/drug challenging (e.g., injection of flumazenil for coma with suspected poisoning, allergy tests). 7) Other tests (e.g., polysomnography, laparoscopy).
We classified patient-important outcomes according to a previously established hierarchy of outcomes as mortality, morbidity, and symptoms/quality of life (QoL)/functional status [18] (Appendix Table 2 on the journal's Web site at www.elsevier.com). We recorded the point estimates [number of events and proportions, measure of relative effects (risk relative {RR}, and hazard ratio {HR}), P value, and confidence intervals (CIs)] for the most important outcome from each category (mortality, morbidity, and symptoms/QoL/functional status) as judged by the pair of reviewers. When the included studies did not report relative effects but provided sufficient information, we calculated relative risks and associated CIs. We reported composite end points only if authors explicitly designated them as primary outcomes. We also determined if the study included a strict protocol linking test results to a particular course of action, documented how many included sample size calculations, and of those that did, how many were powered to detect a relative risk reduction of 35% or less.
Risk of bias
Reviewers assessed risk of bias using a modified version of the Cochrane Collaboration's tool (http://distillercer. com/resources/) [19] . We evaluated each trial according to six criteria: concealment, blinding, loss to follow-up, analysis of patients as randomized, selective outcome reporting, and other sources of bias. For incomplete outcome data in individual studies, we stipulated as low risk of bias loss to follow-up of less than 10% and a difference of less than 5% in missing data between the studied groups.
Statistical analysis
We estimated the number of diagnostic RCTs by multiplying the number of eligible studies in our sample by the ratio of the total number of citations identified (56,912) to the number sampled (7,500). We considered studies in which P values were less than 0.05 as statistically significant. We collected data on whether the studies that did not report statistically significant differences were adequately powered. Our power calculation specified a 25% relative risk reduction with an alpha of 0.05, beta of 0.2, event rate from each studies' control group, and a two-tailed hypothesis test.
Sample size
We desired a CI around all proportions of 610%; the widest CI occurs when the proportion is 0.5, and 100 studies would be required to meet this requirement.
Results
Study selection
Of 60,211 references identified, 56,912 titles and abstracts remained after removal of duplicates; from these, we randomly sampled 7,500. From these 7,500, we identified 176 potentially eligible RCTs of which 103 proved eligible after full-text review (Fig. 1) . Given that, of 7,500 citations, 103 proved eligible, we estimate that MEDLINE to the end of 2013 includes approximately 781 diagnostic RCTs, with a 95% CI from 672 to 928.
Study characteristics
Few diagnostic RCTs were published prior to 2000 (Fig. 2) ; the number in each subsequent year is similar (Fig. 2) . The articles were published in a wide variety of journals [44 journals; of the 103 RCTs, no journal published more than 8, (Appendix Table 3 on the journal's Web site at www. elsevier.com)] and addressed a wide variety of target diseases or conditions (Appendix Table 4 on the journal's Web site at www.elsevier.com) from many medical areasdmost commonly cardiology (n 5 27; 26.2%) and surgery (n 5 21; 20.4%) (Fig. 3) . Of the 103 studies, 53 (51.4%) were single center studies and almost all were two-arm studies (n 5 98; 95.1%).
Studies were most often conducted in Europe (n 5 44; 42.7%) or in North America (n 5 34; 33.0%) and seldom in Australia and New Zealand (n 5 3; 2.9%). Twentytwo studies (21.3%) did not reported where the study was conducted. The median sample size was 248 patients (interquartile range: 111.5e723); 14.6% had sample sizes of more than 500 patients (Fig. 4) . Most studies addressed issues of diagnostic imaging (n 5 72; 69.9%) or laboratory tests (n 5 22; 21.4%) (Fig. 5) . In 19 RCTs (18.4%), the control test was an aspect of physical examination; 24 (23.3%) of the control group arms did not include any comparator test (Appendix Fig. 2 on the journal's Web site at www. elsevier.com). Of the 103 eligible studies, 17 (16.5%) implemented a strict protocol linking diagnostic test results to a specific clinical management strategy for both intervention and control groups. Two other studies (1.9%) implemented protocolized management for the intervention but not the control arm. The majority (n 5 60, 58.2%) reported sample size calculations; however, only nine (15.0%) were powered to detect relative risk reductions of 35% or less.
Risk of bias
We found limitations of risk of bias very similar in studies that reported statistically significant results and those that did not. In both sets of studies, we judged approximately half as low risk of bias with regard to missing outcome data and random sequence generation and a third or less at low risk of bias regarding allocation concealment and blinding (Table 1) .
Outcomes
Of the 103 RCTs, 41 (39.8%) reported on mortality, 63 (61.2%) on morbidities, 14 (13.6%) on symptoms/QoL/ functional status, 10 (9.7%) on composite end points, 41 (39.8%) on surrogate outcomes, and 24 (23.3%) on costs.
Trials' results
Mortality
Of the 41 (39.8%) RCTs that evaluated mortality, only one (2.4%) [20] , a trial of positron emission tomography with 18-fluorodeoxyglucose compared to conventional staging for diagnosis of suspected nonesmall cell lung cancer, reported statistically significant results (RR 5 0.33, 95% CI: 0.14e0.79). Of the 40 (97.6%) RCTs with a nonstatistically significant results, only two (5.0%) [21, 22] were adequately powered.
Morbidity
Of the 63 (61.2%) RCTs that addressed morbidity, 11 (17.5%) [20,23e32] reported statistically significant results ( Table 2 ). All [20,23e32] reported lower morbidity in the experimental group (relative risk lower than 0.8 in 10, relative risk greater than 1.2 in 1 [32] ) ( Table 2 ). Of the 52 (82.5%) RCTs with a nonstatistically significant results, 10 (19.2%) RCTs were adequately powered.
Symptoms/QoL/functional status
Of 14 (13.6%) RCTs that evaluated symptoms/QoL/ functional status all reported results as a binary outcome of which only one (7.1%) [23] , a trial of esophageal Doppler-guided cardiovascular optimization compared to standard intraoperative fluids for patients undergoing radical cystectomy evaluating nausea and vomiting, reported statistically significant results (RR 5 0.08, 95% CI: 0.01e0.59). Of the 13 (92.8%) RCTs with a nonstatistically significant results, 3 (23.1%) RCTs were adequately powered.
Composite end points
Of 10 (9.7%) RCTs that designated a composite outcome, one (10.0%) [33] , a trial of continuous 2-MHz transcranial Doppler ultrasonography compared to placebo for acute ischemic stroke evaluating complete recanalization or dramatic clinical recovery within 2 hours after the administration of a t-PA bolus, reported statistically significant results (RR 5 1.63, 95% CI: 1.04e2.56) favoring the intervention group. Of the nine (90.0%) RCTs with a nonstatistically significant results, no RCT was adequately powered.
Discussion
Main findings
Our random sample of approximately 13% of the records identified through the search of the MEDLINE database identified 103 RCTs of diagnostic tests focusing on patient-important outcomes (Fig. 1) , suggesting that MEDLINE includes approximately 781 such RCTs. Other databases will include additional RCTs. Of the RCTs we included, almost all were published in 1997 or later, although from 2000 onward, the number published each year has been very similar (Fig. 2) . The most common areas of investigation were cardiology (26.2%) and surgery (20.4%) (Fig. 3 ) and the types of tests diagnostic imaging (69.9%) and laboratory tests (21.3%) in the intervention arms (Fig. 5) .
Of the 103 trials, 12 (11.6%) reported statistically significant differences between groups. Positive studies examined a wide variety of alternative diagnostic strategies. These included additional imaging in comparison to conventional diagnostic approaches [20,23,24,26e28,32] ; alternative or additional physiologic measurement [29] ; alternative techniques for tissue specimens [25] ; and alternative provocative tests [30, 31] (Table 2 ). These studies highlight the feasibility of designing and carrying out RCTs that establish the superiority of one diagnostic strategy vs. another on patient-important outcomes.
Of the studies that failed to report statistically significant difference, relatively few (4.9% reporting on mortality, 16.9% on morbidity, and 23.5% on function) were powered to detect modest but important treatment effects. Many studies were also limited with respect to risk of bias: approximately 50% failed to adequately conceal randomization, and 60% failed to address blinding. These limitations existed to a similar extent in studies that did, and did not, report statistically significant differences between groups (Table 1) . Although blinding of patients and clinicians may often be impossible in diagnostic test RCTs, it should almost always be possible to blind outcome assessors and data analysts.
Strengths and limitations
Ours is the first systematic exploration of the frequency and characteristics of RCTs of alternative diagnostic test strategies. Strengths of our review include a comprehensive Studies that reported statistically significant results (n 5 12) are shown in the first line. Studies that did not report a statistically significant result (n 5 91) are shown in italics in the second line. search; independent and duplicate assessment of eligibility, risk of bias, and data abstraction; and a focus on outcomes important to patients. Our goal was not to be comprehensive or necessarily fully representative but rather to provide initial insights into the nature and extent of RCTs of diagnostic tests focusing on patient-important outcomes. Our search was therefore comprehensive within the MED-LINE database, though restriction to MEDLINE represents a limitation. Diagnostic test RCTs published in other databases may differ in areas of focus and results. Diagnostic tests can only influence outcome if the results are clearly linked to beneficial management strategies. One might therefore consider the studies' uniform failure to establish a protocolized response to diagnostic test results as a limitation. On the other hand, a study that established such a protocol would move toward the explanatory or mechanistic end of the mechanistic-practical trial spectrum [34] . The performance of practical trials could also be seen as strength of the existing studies.
Implications
The explosion of sophisticated medical technologies has brought enormous benefits with substantial impact on reduction in population morbidity and improvements in QoL. The proliferation, particularly in the area of diagnostic tests, has also raised increasing concern regarding overdiagnosis and overtreatment [35e37]. There are circumstances in which a test results is unequivocally linked to an intervention in which high-quality evidence has established either benefit or harm reduction. Under such circumstances, RCTs of diagnostic tests are not necessary [10] . There are, however, many other circumstances (likely the majority of testing situations) in which such links do not exist. In this latter set of circumstances, insisting on compelling demonstration of patient-important benefit from expensive or invasive testing procedures represents one strategy for addressing this concern.
Most studies of diagnostic technologies have failed to demonstrate differences in patient-important outcomes. One possible conclusion, highly relevant to the overdiagnosis issue, is that little of importance to patients is gained from most tests that carry with them additional expense and burden.
There are, however, alternative explanations for the large number of negative results. One might be that RCTs of diagnostic tests present excessive challenges, and we cannot expect positive findings. Our results are not consistent with that explanation: 12 of 103 RCTs demonstrated benefits of one diagnostic strategy over a comparator, a relatively small but still important yield. Had a larger proportion of RCTs been adequately powered, one would anticipate additional positive results.
Other alternatives are of more concern. Most negative studies were underpowered for modest but potentially important effects and could represent false negatives. High risk of bias could also be a concern, though it is likely that high risk of bias more often results in spurious effects than in failure to detect effects that are in fact present.
Overall, our results demonstrate the feasibility of RCTs of diagnostic tests, and their potential, when adequately powered and rigorously planned and carried out, of demonstrating benefit of one strategy over another on patient-important outcomes. This potential will only be realized, however, when the importance of diagnostic test RCTs is fully recognized, and the requisite resources and expertise are applied to ensure their optimal planning and implementation.
